In order for carcinoma cells to metastasize to distant sites, they have to disrupt cell-cell adhesion junctions, break through the basement membrane and migrate across the extracellular matrix (ECM) [1] . At subcellular level, special actin-rich 
Invadopodia have been detected mostly in invasive carcinoma cells and are more directly linked to invasion and metastasis
. Invadopodia appear as irregular actin-based dots without a definable ring structure. Invadopodia contain proteins related to actin dynamics, cell adhesion, membrane remodelling, cell signalling and ECM degradation [12] . Implications of their functions in vivo exist in malignancy, as essential components of invadopodia, e.g. cortactin and N-WASP are up-regulated or amplified in carcinomas, such as head and neck squamous cell carcinoma (SCC) [12] [13] [14] . The formation and maintenance of invadopodia depend on continuous actin assembly, and they are relatively labile structures with variable life-spans [2, 15] . However, the molecular and functional mechanisms between podosomes and invadopodia still remain a controversy, and it is currently not clear whether these two phenomena truly represent distinct structures. Recently [3] . [16] . EMT plays a role in, e.g. oral SCC, which is considered a highly invasive disease with poor patient prognosis [14, 17] [18] [19] [20] . Recently, it was suggested that EMT could provoke an assembly of podosomes or invadopodia, although no such evidence yet exists [21] . [18, 20] [18, 20] . The Integrin ␣3 subunit J143 [24] Integrin ␣v subunit LM142.69 [25] Integrin ␤1 subunit 102DF5 [26] Integrin ␤5 subunit 1A9 [27] MT1 
, it has been proposed that the differentiation of and definition for podosomes and invadopodia should be restricted to include podosomes in non-cancerous cells and invadopodia in malignant cells

Epithelial-mesenchymal transition (EMT) occurs at early stages of development and is essential for gastrulation and mesoderm formation. EMT has been proposed to operate in pathological situations, such as in the acquisition of an invasive phenotype in epithelial tumours, in which it may enable the first steps for metastasis
. Carcinoma cells undergoing EMT attain a fibroblastoid phenotype followed by an ability to migrate and invade the surrounding tissues. EMT induces a massive rearrangement of the actin cytoskeleton, as well as changes in cell-cell and cell-ECM junctions, including tight and adherens junctions, desmosomes and hemidesmosomes
In this study, we have investigated podosome-like structures and invadopodia of oral SCC cells and their aggressive descendants, which have undergone EMT
. We hypothesized that the characteristics gained through EMT, such as increased invasion and cell migration, would be reflected also in the adhesion and invasion machinery and thus could result in a further distinction of the differences between the podosomes and invadopodia. In the present study, we show that the actin-based structures in invasive SCC cells differ from those of non-invasive SCC cells by their protein composition, organization and rate of turnover.
Materials and methods
Cell lines, cell culture and transfections
Oral SCC cell line UT-SCC-43A (43A) is derived from a primary gingival tumour of a 75-year-old Caucasian female. UT-SCC-43B (43B) is derived from a recurrent tumour of the same patient. 43A and 43B cells have been previously characterized
Results
To study the mechanisms of cell adhesion and invasion of oral SCC cells, we used a previously characterized EMT cell model [18, 20] . [20] . 
EMT modulates cell migration and invasion capacity
1E and F). This was also reflected in the ratio between the total length and the distance between the start and end positions of the trajectories, i.e. 43B cell trajectories showed higher directionality compared with 43A (P ϭ 0.0050) (Fig. 1G). In invasion assays, only 43B cells invaded through the Matrigel to the lower side of the filter pores in
Boyden chambers [20] . (Fig. 5A) . A similar pattern was detected in the expression of integrin ␤1 subunit (Fig. 5B) . Integrin ␣v subunit localized only to focal adhesions in 43A cells, whereas a specific localization to the heads of invadopodia was found in 43B cells (Fig. 5E, lane 3) . MAb against integrin ␤5 subunit showed a similar single Mr ca. 100,000 ␤5 band in 43A cells (Fig. 5E, lane 4) . In 43B cells, much stronger bands corresponding to integrin ␣v and ␤5 subunits were detected together, corroborating their high expression and colocalization as seen in immunofluorescence studies (Fig. 5E, lanes 8-9) [34] (Fig. 7A and B (Fig. 7C, D, G and H 
Morphological difference of adhesion structures at sites of ECM degradation
3A). In contrast, 43B cells presented complex projections at their dorsal surface (Fig. 3B) that formed elongated extensions with club-like endings that adhered to the substratum (Fig. 3C and D).
Differential spatial organization of podosome associated structural proteins in EMT-modulated invadopodia
colocalized with the fluorescence-devoid ECM cavities (B, arrows). At 2 hrs, filopodia-like cell membrane extensions (arrowheads) were seen in 43B cells that matured at 5 hrs into club-ended, actin-containing cell extensions (C, arrowheads). Also these club-ended extensions localized to the of fluorescein-conjugated ECM cavities. EGFP-actin transfections and phase contrast images showed the complex invadopodia and club-ended extensions in 43B cells (D
arrows). In contrast, 43B cells were covered with multiple and complex membrane projections (B-D). These cell extensions appeared to originate from granular buds at their dorsal cell membrane (C, arrows). In some occasions, the tips of the extensions were broad and flat (B-D), dif-
Growing actin filaments moved rigorously within the cellsubstrate interface but no similar fluorescent halo around the invadopodia could be detected as in 43A podosomes (Supplementary Movie 9). Lateral movement of invadopodia tails and transient motion of 43B cell extensions could also be detected (Supplementary Movie 10). Consistently occurring fusion or fission events could not be detected in either the 43A podosomes or 43B invadopodia. These observations suggest that podosomes and invadopodia have a relatively long life-span, and that the actin tails truly originate from the heads of invadopodia. The substructures of podosomes and invadopodia appear to undergo constant remodelling possibly from different pools of origin.
Podosome-like structures and invadopodia are resistant to inhibitors of actin and tubulin polymerization
In order to extend these notions on the mechanisms underlying the turnover of podosomes and invadopodia, we used inhibitors of actin and tubulin polymerization and followed the events in EGFPactin transfected cells with wide-field live-cell imaging. As expected, cytochalasin B led to a rapid distortion of the actin cytoskeleton and resulted in cytoplasmic aggregates within seconds. In contrast to the previously presented hypothesis that invadopodia would be rapidly abolished, cytochalasin B barely affected the morphology of podosomes or invadopodia (Fig. 9). In fact, their sizes appeared to increase as a result of the treatment. Only after several hours, both podosomes and invadopodia were seen to disappear. Disruption of the microtubule system with demecolcine for 30 min. did not affect either the podosomes or invadopodia (Fig. S1A). Simultaneous treatment with cytochalasin B and demecolcine led to a collapse of the cellular organization, but had a similar effect as cytochalasin B alone to podosomes and
Fig. 6 Localization of pacsin 2, filamin A and MT1-MMP in 43A podosome-like structures and 43B invadopodia. Confocal images showed membrane-bending protein pacsin 2 immunoreactivity at the podosome rings that were associated also with ECM degradation cavities after 2 hrs of plating (A). Pacsin 2 immunoreactivity was not found in or near invadopodial structures (B). Pacsinbinding protein filamin A was found in 43A podosome cores after 2 hrs, but it accumulated to invadopodia only after 15 hrs of plating (C, D, arrows). Even then, filamin A was detected only in a small proportion of invadopodia. EGFP-filamin A transfections showed that filamin A and pacsin 2 colocalized in 43A podosomes, but the transfections did not result in pacsin 2 expression in 43B invadopodia (E). MT1-MMP was found as dot-like accumulations in the proximity of podosomes and invadopodia and in association with ECM cavities (F). MT1-MMP also localized to cell extensions of 43B cells, indicating that they possess gelatinase activity and thus ECM degradation capability. Scale bars: 20 m. Western blots indicated the presence of pacsin 2, filamin A and MT1-MMP in both 43A and 43B cells (G). Tubulin was used as a loading control. invadopodia (Fig. S1B). However, when adhered cells were treated with cycloheximide that blocks the synthesis and secretion of proteins, no podosomes or invadopodia developed within the 60-min. follow-up period, suggesting that de novo synthesis of proteins is required for the organization.
Fluorescence recovery after photobleaching indicates faster protein turnover in podosome-like structures compared with invadopodia
The finding that both podosomes and invadopodia are highly stable with relatively long life-span led us to investigate the dynamics and turnover of actin, cortactin and filamin A in transfected primary and EMT-experienced SCC cells. FRAP analyses indicated that EGFP-actin fusion protein had a rapid but differential turnover in
cells for 43B) (F). After 4 hrs, the cavities of 43A cells were predominantly round, whereas substantial diversity in cavity shape and size was detected for 43B cells (G, H). Scale bars: (A), (B), (G), (H): 10 m; (C), (D): 2 m.
were detected in migrating and invading cells, thus suggesting a functional role for them. Podosome volumes increased after adherence; however, invadopodia remained smaller but produced more ECM degradation cavities that involved the presence of MT1-MMP. Although both podosomes and invadopodia had a long lifespan, FRAP analysis indicated a rapid turnover of actin, cortactin and filamin A in both types of SCC cells. The club-ended cell extensions that were characterized to contain similar constituents as invadopodia, maintained the influx of new proteins, indicating that they were not merely deserted organelles but active and functional structures likely to represent part of the invasion machinery of EMT-experienced SCC cells.
Podosomes are depicted as ring structures, in which adhesion molecules, such as integrins, define the ring that surrounds the vertical actin-rich core [10, 35] . In contrast, invadopodia generally appear as puncta with no strict separation between the components [2] . In line with this definition, podosome-like structures in 43A cells were characterized with actin, cortactin and Arp2/3 within the core structures, and several of previously characterized proteins within the outer rings. The morphology and protein contents of 43A cell podosome-like structures highly corresponded to those depicted in podosomes of endothelial cells, epithelial carcinoma cells and keratinocytes [7, 33, 36] . During the present study, several previously unrecognized proteins were characterized for their association with podosomes, including filamin A in core structures, and plectin, ␣II-spectrin and pacsin 2 within the outer rings. Characteristic to 43B cells was the lack of plectin, ␣II-spectrin, talin, FAK, and pacsin 2 in the invadopodia complexes. Although it is somewhat unclear whether podosomes and invadopodia exist in vivo, studies describing podosomes in leukocytes migrating through endothelial vessel walls and invadopodia in extravasating tumour cells support their existence [8, 37] . We spontaneously and shortly after seeding, whereas the club-ended cell extensions emerged later. These club-ended structures could originate from the highly similar short extensions detected with field emission scanning electron microscope near the cell surface, or from left-behind invadopodia in migrating cells. Apart from the clubbed ends, the slender extensions resembled filopodia, which also contain a core of actin filaments and may function as sensors that explore the cell surroundings [38] . However, as the molecular structure resembled that of the invadopodia, we gather that these structures are 'externalized invadopodia'.
Plectin interacts with F-actin, microtubules and intermediate filaments [39] . In stratified epithelia, plectin localizes to hemidesmosomes and mediates adhesion with cytokeratin filaments, integrin ␣6␤4 and basement membrane. We found plectin in podosome rings, but also on the cell surface, where it localized to hemidesmosomes. In contrast, invadopodia were completely [44] . The talin-tensin switch may even transform a structural adhesion to an adhesion that participates in signalling [44] . FAK facilitates signal transduction pathways from adhesion sites to the cytoplasm [44] . In 43A cells, podosome rings showed strong immunoreactivity for FAK, which was absent in 43B cell invadopodia. Supporting our findings, the presence of FAK has been shown in podosomes of Src-transformed fibroblasts [45] , but it is neither necessary for invadopodia assembly in colon carcinoma cells nor localizes to invadopodia in breast carcinoma cells [46, 47] .
Integrins mediate adhesion and function in outside-in and inside-out signalling between the cytoskeleton and ECM. We found enriched immunoreactivity for integrin ␣3␤1 in podosome rings and, in a unique pattern, at the cell membrane enveloping the invadopodia. Previously, integrin ␣3␤1 immunoreactivity has been detected in podosomes of bladder carcinoma cells [33] , and it participates in docking of gelatinolytic enzyme seprase to invadopodia of melanoma cells [48] . Integrin ␣v␤5 is associated with migration in several cell types, including keratinocytes in wound healing [49] . In our cell model, 43A cells showed low levels of both integrin ␣v and ␤5 subunits that did not localize to podosomes. In contrast, EMT-driven 43B cells had up-regulated levels of integrin ␣v␤5 that localized sharply to the heads of invadopodia. The novel finding of integrin ␣v␤5 localization to invadopodia may relate to the transformed mesenchymal phenotype of 43B cells, as ␣v␤5 has been implicated previously in EMT occurring in tooth development [50] .
Pacsins function in vesicle formation and transport by gathering interacting proteins, such as N-WASP and dynamin, to sites of endocytosis [51] . F-BAR domain enables them to induce and regulate membrane curvature and conduct membrane tubulation [52, 53] 
